A plasma-based wake eld acceleration experiment E-157 has been approved at SLAC to study acceleration of parts of an SLC bunch b y up to 1 GeV m over a length of 1 m. A single SLC bunch is used to both induce wake elds in the one meter long plasma and to witness the resulting beam acceleration. The experiment will explore and further develop the techniques that are needed to apply high-gradient plasma wake eld acceleration to large scale accelerators. The one meter length of the experiment is about two orders of magnitude larger than other high gradient plasma wake eld acceleration experiments and the 1 GeV m accelerating gradient i s roughly ten times larger than that achieved with conventional metallic structures. Using existing SLAC facilities, the experiment will study high gradient acceleration at the forefront o f advanced accelerator research.
I. INTRODUCTION
The energies of most interest for high energy physics today h a v e reached the multi-TeV level. Linear colliders o er the only possibility to access this energy regime with e+e-collisions. Practical limitations on the size and the cost of linear colliders can only be overcome if the acceleration per unit length is signi cantly increased. While there are attempts to push the gradients in conventional metallic structures to 1 GeV m, plasma-based acceleration concepts have attracted considerable interest. By replacing the metallic walls of conventional structures with plasma-walls many limitations are avoided and very high gradients can be achieved. A recent laser-driven plasma wake eld acceleration LWFA experiment has measured an accelerating gradient of 100 GeV m 1 .
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Although plasma-based experiments have shown impressive advances in their accelerating gradients, they are quite short, extending over only a few mm. The SLAC experiment E-157 aims at demonstrating high gradient acceleration in a 1 m long plasma cell, based on beamdriven plasma wake eld acceleration PWFA. Plasma modules of 1 m length would be well suited for building a future linear collider. The use of the existing SLAC linac limits the achievable gradient to about 1 GeV m. Though not as high as achieved by other plasma-based experiments, this gradient i s m uch larger than in any metallic structure. It would be the rst time that plasmabased structures accelerate particles by one GeV. In the following sections we describe the basic philosophy and the goals for the experiment. More details can be found in the actual 50 page proposal E-157 2 .
II. OVERVIEW
The basic idea for the experiment is to use a single SLC bunch to both excite the plasma wake eld head of the bunch and to witness the resulting acceleration tail of the bunch. For many reasons, the SLC beam is the ideal driver for a plasma acceleration test. It has high energy; it is very sti and is not subject to distortion or depletion over the length of the proposed experimental section. In addition, neither the driving particles nor the accelerated particles will signi cantly phase slip over the length of the experiment. All of these factors suggest the possibility for a clean test of plasma wake eld acceleration and the opportunity t o m a k e detailed comparisons to theoretical models.
The experiments discussed here will assess the viability of wake eld transformers based on beam-driven plasmas. The plasma wakes excited by particle beam and laser drivers are similar. However, the physics of beam propagation self-focusing, stability, optimal pro le shapes, etc. are quite di erent. Moreover, particle beam and laser drivers have di erent scalings for energy gain per stage and e ciency, which m a y make particle drivers more attractive at ultra-high energies. By designing exibility i n to the plasma source and or drive bunch length, we will be able to explore some of the most important phenomena. Speci cally, w e can measure the transformer ratio i.e. the decelerating and accelerating elds within the bunch, transverse focusing elds, and the dependence of the gradient on plasma density, bunch length, beam and plasma radius. Furthermore, increasing the plasma density or bunch length will enable a rst test for electron hose instability 3 . A secondary bene t of the experiment will be the opportunity to explore the new physics and technology issues associated with particle beam rather than laser drivers. We plan to place a meter-long plasma of appropriate density in the path of the SLC beam at the so-called IP-1 of the Final Focus Test Beam FFTB 4,5 at SLAC. The PWFA experiment will replace the E144 6 nonlinear Compton scattering experimental setup at IP-1. A s c hematic sketch of the experiment is shown in Figure 1 . The beam parameters needed for the proposed experiment are routinely achieved during standard SLC operation. Most important are a beam intensity o f b et w een 3.5 to 410 10 electrons and a suitable bunch length z = 0.6 mm and shape. It will be shown that the high current longitudinal bunch pro les in the SLC linac are well suited. Normalized emittances and transverse beam jitter are not critical and can be signi cantly larger than the standard SLC values at 46.6 GeV.
In order to minimize the impact and cost of the experiment w e plan for parasitic running at 10 Hz during operation of the SLAC B-factory PEP-2 7 . PEP-2 will already accelerate the linac beams to 30 GeV for positron production. We a v oid additional costs for the maintenance and operation of the RF in the last third of the linac by only requiring 2-3 sectors of acceleration downstream of the positron extraction point. The additional acceleration is needed in order to maintain e cient BNS damping and a small nal energy spread. The beam energy in the FFTB will be 30 GeV. Minor modi cations in the dumpline transport will allow safe operation of the FFTB with a high current 30 GeV beam. Though planning for 30 GeV, it is important to note that the PWFA experiment can always be carried out at 46.6 GeV, if appropriate. The experiments are envisioned to take place in stages. The rst stage will simply place a meter-long plasma of appropriate density in the path of the SLC beam near the end of the FFTB. We expect the head of the bunch t o b e decelerated by about 0.2 GeV while tail particles are accelerated by up to 1 GeV. The resulting change in energy distribution, will be detected by a time-resolved energy measurement with a streak camera. The wake eld will be diagnosed in detail by subtracting the energy distribution signals with and without the plasma. We note that the peak accelerating gradient in the experiment is expected to increase from 1 GeV m to 2.5 GeV m if the SLC RMS bunch length can be reduced from 0.6 mm to 0.4 mm. A second set of experiments will vary the plasma density, plasma length, and or beam bunch length to test scaling laws for wake amplitudes and electron hose instability.
III. THE SLC DRIVE AND WITNESS BEAM
The experiment described in this paper was designed for the SLC high current beam as a wake eld driver. The operating ranges for the SLC beam parameters are well known and constrain the feasible plasma-wake eld acceleration design. Table I lists the SLC drive beam parameters that are used in the design of the SLAC-PWFA experiment. The numbers are compared to the standard performance during SLC operation at 46.6 GeV, demonstrating that the PWFA experiment could be done easily at 46.6 GeV. The important constraints for plasmawake eld acceleration arise from the minimum achievable bunch length and the highest possible bunch i n tensity. This will be discussed in more detail in the next section. We note that it was con rmed that the parameters from Table I satisfy radiation safety and beam containment requirements in the FFTB 2 . The assumed performance is well established from the SLC experience. However, in order to minimize the impact and cost of the experiment, a beam operation at 30 GeV is assumed, as PEP-2 will already accelerate beams up to this energy. The interleaved operation with PEP-2 and the linac and FFTB issues at 30 GeV are discussed in the detailed proposal 2 . An important parameter is the energy spread at the end of the linac. Fig. 2 shows a LIAR 8,9 simulation of the energy along the longitudinal direction of the bunch for a modi ed 30 GeV BNS damping. The simulation is compared to the measured longitudinal charge distribution for minimal bunch length 0.6 mm rms. Even at 30 GeV the rms energy spread in the FFTB can be constrained to 1 or 300 MeV. This energy spread allows to achieve reasonably small spot sizes in the FFTB and to diagnose the expected energy gains and losses.
IV. BEAM-PLASMA INTERACTION
The basic concept of the plasma wake eld accelerator is to use a high-current drive-beam to excite a large plasma wake that can accelerate trailing particles. The wake is created when the space charge of the drive beam displaces plasma electrons in much the same way that a boat creates an ocean wake b y displacing water. In this case the plasma ions provide the restoring force on the displaced electrons and the wake phase velocity is at the beam velocity c . This creates a high-gradient accelerating structure with a wavelength p set by the plasma density n 0 : p 1 m m 10 15 cm ,3 =n 0 1=2 : 1 For the case of dense n b n 0 and narrow r c=! p beams the plasma response is highly non-linear and is dominated by the radial blow out of all the plasma electrons within a radius r n b =n 0 1=2 10 . Here, n b is the beam density, r the radial beam size, c the light v elocity and ! p the plasma frequency. The plasma ions move relatively little on a short time scale, creating a uniform focusing wake eld W r in the blowout region. A large longitudinal wake eld is possible when after the passage of the beam the ion space charge force pulls the electrons back, creating a large density spike on axis. The elds in front of the density spike h a v e attractive properties for an accelerating structure. They provide linear focusing W r that is independent of the longitudinal coordinate z i.e., @W r =@z = 0 from which it follows that the accelerating eld W z has a uniform pro le i.e., @W z =@r = 0. For beam currents such that N r e = z approaches one, the accelerating eld is large, on the order of
Although groups at UCLA, ANL and LBNL plan experiments to access the blowout regime, there has been no experimental test of this regime to date due to the relatively dense beams required.
The fully non-linear uid equations for the plasma response to a beam are analytically tractable only in 1-D valid for very wide beams. In 2-D the non-linear uid equations in cylindrical geometry r z have been solved numerically by B. Breizman in the simulation model Novocode 11 . We used the uid models to quickly survey a large parameter space; however, to more accurately model the nal parameters we turn to particle-in-cell PIC simulations. The PIC simulations use fully selfconsistent 2-1 2D relativistic codes that are computer time intensive but have proven to be accurate models of experiments. The simulation results shown in the following were all obtained with the PIC code MAGIC 12 . We point out that the PIC results agree to better than 20 with results from Novocode simulations.
A. Longitudinal wake eld beam acceleration
Sample results of a 2-1 2D PIC simulation in cylindrical geometry using the code MAGIC are shown in Figure 3 . The parameters correspond to the expected beam parameters as described before and optimized plasma settings. The optimized plasma density i s 2 : 1 10 14 cm , 3 . Figure 3a shows the real space of the plasma electrons in which blowout and crossing of streamlines wavebreaking" 13 are clearly visible. Figure 3b is a snapshot of the longitudinal wake W z 6 m m i n to the plasma. The peak accelerating eld is 900 MeV m. Figure 3c shows the axial current density J z versus z. The beam's current pro le and the plasma current a large spike near the peak accelerating eld are clearly visible.
In anticipation of the time-resolved diagnostic of energy change described later, we simulated the experimental observables in Figure 4 . We show the beam charge and the simulated beam energy change and beam energy spread in 1 ps intervals as they would be resolved with a streak camera. Even though some particles in the simulation gain over 1 GeV, the 1 ps window captures particles on either side of the acceleration peak. As a result, the energy change of the center of the last ps bin shown is roughly 800 MeV with a spread of 1200 MeV. Note that decelerating and accelerating elds within the bunch are well resolved with 1 ps diagnostic intervals. The core of the bunch is decelerated by roughly 150 MeV. To determine the optimal beam and plasma conditions for the experiment a s w ell as to test the sensitivity of the experiment t o v ariations in the plasma and beam parameters, we h a v e performed a number of simulations similar to the one shown in Figure 3 . The complete simulation results are given in the proposal 2 . It is shown there that the peak accelerating gradient is roughly proportional to the beam current and does almost not depend on the radial size of the SLC bunch. It is also shown that the wake amplitude begins to degrade for plasmas narrower than 300 m in radius. This corresponds roughly to the maximum outward excursion one would calculate for the plasma electrons ejected by the beam. One other consequence of a nite width plasma is the need for alignment of the beam and plasma axis. If the plasma is very narrow and the beam is o axis, the expulsion of plasma electrons by the beam will produce an ion column centered on the plasma axis which will de ect the beam. At the other extreme of a very wide plasma, the axis of the Figure 5 shows the peak wake amplitude as a function of plasma density. The peak gradient is 900 MeV m 100 MeV m at a plasma density o f 2 : 1 10 14 cm ,3 . The uncertainty quoted is due to numerical noise in the simulations. Also shown is the number of particles accelerated within 70 of the peak gradient v ersus the plasma density. W e note that for the highest possible gradient only a small number of particles sees maximum acceleration.
B. Transverse beam focusing
As seen in the simulations in Figure 3a , the head of the drive beam rapidly blows out the plasma electrons leaving a positive ion column in the beam path. In this case, the transverse wake on the main body of the beam is particularly simple and takes the value given by a uniform positive cylinder of charge density n 0 : W r = 2 n 0 e 2 r. This corresponds to an e ective quadrupole focusing strength in both planes of The variation in the transverse focusing strength along the bunch in a PIC simulation is shown in Figure 6 for r = r = 7 5 m. From this we see the time-dependent focusing rising at the head then asymptoting to the theoretical value from the above equation 6400 T m for this case. The simulation assumed immobile ions which is a good approximation for large beam sizes. Thefunction for such the focusing channel is = p 2 c=! p , and the matched beam condition = 2 0 = occurs for an equilibrium radius of 0 = 4 m and = 1 2 c m = 10 mm-mrad, = 6 10 4 and n 0 = 2 : 5 10 14 cm , 3 .
Since the SLC beam will enter the plasma at a waist larger than this value, the spot size will over focus plasma lens". Figure 7 shows a simulation of the beam size propagation inside the plasma with a focusing gradient of 6000 T m. The horizontal and vertical beam sizes perform 5 4 oscillations within the plasma. We note, that for the minimum spot size, the plasma ions are not completely immobile a n ymore and they start modifying the focusing forces. This is presently being studied. If the betatron phase advance within a plasma is a multiple of , then the outgoing beam divergence is minimized and the design beam sizes downstream are maintained. Figure 8 . It shows the spot sizes at the location of the energy diagnostics at so-called IP-2, 12 m downstream of IP-1 for di erent plasma densities quadrupole gradients. Due to betatron phase mixing the mismatch e ect increases with higher plasma density. However, local maxima in beam size re ect the condition that the phase advance in the plasma cell is a multiple of . In order to handle the strong transverse plasma focusing we clearly need to adjust the total phase advance in the plasma to a multiple of . This can be done straight forwardly by minimizing the measured spot size.
This is illustrated in
If the beam has a head-tail o set, then the tail of the beam will be de ected toward and oscillate about the axis de ned by the head. This leads to an angular de ection. For typical head-to-tail o set of 25 m w e expect a maximum 2 mm o set 10 m downstream. Choosing the phase advance in the plasma cell to be exactly a multiple of 2, h o w ever, will cause the plasma to be completely transparent to the beam with respect to its transverse dynamics.
V. THE PLASMA SOURCE
The experiment requires a plasma source that is about 1 to 1.5 meters in length whose plasma density can be varied from 10 14 to 10 15 electrons per cm 3 and one that is quasi-uniform. The latter requirement can be somewhat quanti ed by assigning a density scale length L = 1 =n e dn=dx ,1 where n e is the mean electron density. F or a linear density pro le, n e x = n 0 1 + z=L, a 25 variation in density o v er 1 meter of length of the source will lead to a 12 variation in the wavelength of the plasma wave accelerating structure. This in turn will cause a phase slippage between the particles and the wave, which is quite acceptable. Thus, the density scale length should be greater than 4 m. The next requirement is that the plasma source should be fully electron ionized so that any further electron impact ionization by the beam will not induce time-dependent v ariation in the plasma density in the frame of the electron beam. At the same time, there should not be a signi cant emittance increase of the electron beam due to collisions.
The ideal plasma source that ts all these requirements would be a fully ionized, meter long hydrogen plasma. However, hydrogen plasmas in this density range and of such lengths are very di cult to make. The same is true of a helium plasma. Furthermore, large of helium are required and are di cult to pump. A sophisticated di erential pumping system would have to be employed to guard against failure of any containment foil, especially if helium is being owed through the plasma. We have therefore decided on a lithium plasma source that can simultaneously satisfy all the requirements on the range of required plasma densities, homogeneity, scalability length, and that minimizes the problems of electron beam scattering and impact ionization.
Lithium, an alkali metal, is a solid at room temperature with extremely low v apor pressure. However, at 180 C it becomes a liquid and the vapor pressure of the liquid increases rapidly as the liquid approaches its boiling point of 1300 C. The required plasma densities between 2 10 14 and 1 10 15 cm ,3 can be obtained by singly ionizing the lithium atoms E i = 5.9 eV. The vapor pressure required for this range of densities is 20 to 100 mTorr, which can be obtained at temperatures between 560 and 630 C. Meter long lithium vapors have been produced at these and far higher Torr-range pressures in heat pipes for atomic physics and spectroscopy experiments 14 . In fact, a vast body of literature exists on producing sealed lithium heat pipes and producing and diagnosing lithium plasma using photoionization and spectroscopy interferometry, respectively. After surveying the literature, we h a v e designed such a source for our present application. Figure 9 shows the schematic of the lithium plasma source. The rst thing to note is that it is a completely sealed system with a few micron thick quartz window 15 on the upstream and a 25 mm thick beryllium window on the downstream end. Quartz was chosen because of its ability to transmit the 6 eV photons that are needed to photoionize the lithium vapor. The second thing to note is that upstream of the source is a 0.5 m ion tube with its own turbo-molecular vacuum system and a fast, feedback controlled vacuum valve that will isolate the FFTB beam line should the windows fail. In a lithium oven, the lithium vapor is con ned in the heated region by a bu er gas, which in this case will be helium. Since the lithium can only exist as high pressure vapor in the heated region, pressure balance requires helium to move away i n to the colder region of the source. Thus, there is a boundary region where transition from mainly lithium on the hot side to mainly helium on the cold side occurs. This boundary layer is typically 10 cm long, exists on both sides of the heated region and serves to con ne the hot lithium vapor.
An advantage of this arrangement is that the lithium vapor is homogeneous and adjustable in length. Furthermore, the windows need not be heated making it very easy to make a v acuum seal. The 6 eV laser photons, contained in an approximately 5 ns long, 25 mJ pulse, are brought in from a mirror, approximately 11 meters downstream from the plasma chamber. The optical beam side is so arranged as to produce a focal spot radius of about 300 m. The Rayleigh range of this beam is over 2.7 meters, so it will not spread appreciably over the length of the plasma column. The amount of laser energy needed to fully ionize the lithium vapor to Li + can be easily estimated. Since the ionization is a one photon ionization process, the laser energy needed simply depends on the ionization cross-section l and the total number of atoms that are to be ionized. Taking l = 1 0 , 18 cm ,2 at 6 eV, we estimate the total energy needed to be less than 5 mJ for the higher densities 10 15 cm ,3 that are to be produced. Therefore, a laser pulse containing 25 mJ at 0.2 m should be more than adequate. Details about the laser source can be found in the proposal 2 .
VI. BEAM ENERGY DIAGNOSTICS
The expected result of the Plasma Wake eld Acceleration Experiment is to observe deceleration and acceleration of up to 1 GeV within a single SLC bunch. Figure 4 shows the simulated changes in beam energy and energy spread due to PWFA for 1 ps slices along the expected SLC bunch. This energy change will overlay the incoming energy variation along the bunch see Figure 2 . It is important to note that the incoming rms energy spread within a 1 ps slice of the bunch will not exceed 100 MeV. From the expected plasma-induced energy change in Figure 4 we draw several conclusions:
The longitudinal charge distribution is roughly Gaussian with a sigma of 0.6 mm.
In order to diagnose the experimental results we need a time-resolved measurement of the energy along the bunch. This can be accomplished a streak camera.
A time resolution of 1 ps is su cient to precisely analyze the plasma-generated beam deceleration and acceleration.
Considering particles up to 3 z into the tail we nd an expected energy di erence between the decelerated head and the accelerated tail of roughly 400 MeV. The 1 ps slice at 3 z in the tail shows an absolute acceleration of about 250 MeV. The maximum slice acceleration is about 800 MeV with an induced energy spread of 1.2 GeV. The slice that experiences this maximum acceleration is about 4.5 z out in the tail of the particle distribution. Only very little beam charge can be observed there. We expect to see about 10 7 particles compare Figure 5 . It will be rather straight forward to measure plasmainduced energy changes within about 2.5 z of the particle distribution. Those measurements will test the plasma theory and simulation in detail. However, in order to diagnose the maximum acceleration we need to reliably measure charges down to 10 7 particles or about 0.03 of the total bunch c harge without worsening the time resolution of the streak camera.
In order to measure time-resolved energy changes a transition radiator is placed in the electron beam at a point near but downstream from IP-2. Transition radiation is produced at 45 , extracted from the vacuum through a quartz window and brought to an optical diagnostic station external to the radiation shielding. The light will be transported in a low quality vacuum. Remotely controlled mirrors for steering the light will be available. The optical diagnostic station will have a Hamamatsu N3373-02 streak camera as the primary detector. A streak camera trigger from the SLAC timing system will be available. The intrinsic resolution of the camera for SLC measurements was determined to be 0.85 psec or 0.26 mm. The intensity of the transition radiation is comparable to the synchrotron light i n tensity that was used for the SLC measurements. A schematic sketch of the experimental layout is shown in Figure 1 .
The width of an optical interference lter at the streak camera determines both chromatic e ects and the available light i n tensity for the streak camera. A 10 nm interference lter was used for SLC linac measurements in order to achieve a 1 ps time resolution. With that charges down to a few 10 8 particles have been measured reliably at SLC. Note that measuring lower intensities was not important for SLC and therefore was not studied. In order to measure 10 7 particles with the SLAC streak camera the lter width would have to be opened by about a factor of ten, leading to 4 ps resolution if the chromatic e ect cannot be corrected. At the present time we cannot decide whether it will be possible to open the lter width by a factor of ten while maintaining a time resolution of 1 ps. These e ects will be studied further.
Even if we can not understand and avoid the chromatic contribution to the time resolution, we can still measure the tail of the beam with a larger time resolution. Measuring a 4 ps slice in the tail of the bunch, we w ould see a large energy spread of more than 1 GeV for this slice. Though not measuring the maximum acceleration as an acceleration of a single slice of the beam, we w ould still measure it directly through the energy spread.
The dispersion at the diagnostics location is about 100 mm. A di erence measurement will be made comparing beam pulses with plasma to those without plasma. The beam centroid will shift due to energy gain and dispersion. The dispersive centroid shift can be measured provided the change in spot size due to the mismatch i n troduced by the plasma is small compared to the centroid shift. Because the streak camera measures the beam in slices of 1 ps, the beam size for a single slice is calculated with a reduced energy spread of 0.3. Spot sizes with and without the plasma cell are then almost identical for certain plasma densities. The transparency" condition for the plasma cell was discussed earlier. For minimum mismatch e ects we expect a spot size for a single 1 ps slice of about 0.5 mm. The vertical de ection due to an acceleration of 100 MeV is 330 m, which should be easily measurable. The energy change between the decelerated head and the accelerated tail of the bunch i s s h o wn in Figure 4 to be about 400 MeV for particles within 2.5 sigma of the longitudinal distribution. It will be possible to measure the longitudinal wake eld along the bunch in detail. The maximum acceleration of 800 MeV for a 1 p s slice will show itself as a large o set 2.5 mm and a large vertical beam size 4 mm due to the large induced energy spread 1.2 GeV. Generally the plasma-induced energy spread for a 1 ps slice is small 80 MeV and the vertical beam size is expected to increase by less than 15. VII. CONCLUSION A beam-driven plasma wake eld acceleration PWFA experiment, named E-157, has been approved at SLAC. The experiment will accelerate parts of an SLC bunch by up to 1 GeV m over a length of 1 m. A single SLC bunch is used to both induce wake elds in the one meter long plasma and to witness the resulting beam acceleration. The experiment will explore and further develop the techniques that are needed to apply high-gradient plasma wake eld acceleration to large scale accelerators. The one meter length of the experiment i s a b o u t t w o orders of magnitude larger than other high gradient plasma acceleration experiments and the 1 GeV m accelerating gradient is roughly ten times larger than that achieved with conventional metallic structures. Using existing SLAC facilities, the experiment will allow the study of high gradient acceleration at the forefront of advanced accelerator research.
The development of the di erent parts of the experiment i s w ell under way. The proposed plasma cell has been built at UCLA and is presently being tested. The beam-induced plasma wake elds have been modeled at USC. The transport of the SLC beam into the FFTB, through the plasma cell and into the beam dump has been studied carefully at SLAC. Finally, the appropriate beam diagnostic has been speci ed based on the extensive experience at SLAC and LBNL.
We can envision a rich p h ysics program of follow-on experiments not discussed here. Some of these include tests of beam shaping to demonstrate the possibility o f high transformer ratios 16 , the use of a separate witness beam with a variable delay to fully probe the wakeelds 17 , the guiding of laser beams with the SLC beam in a plasma over hundreds of Rayleigh lengths 18 and the outcoupling of the plasma wakes as a unique highpower 100 GHz source 19 . We also note that the peak accelerating gradient in the experiment is expected to increase from 1 GeV m to 2.5 GeV m if the SLC rms bunch length can be reduced from 0.6 mm to 0.4 mm. The successful completion of the experiments, hopefully in 1999, will undoubtedly provide a major impetus to advanced accelerator research a s w ell as contribute to the fundamental understanding of plasma and beam physics in a new regime.
